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ABSTRACT 

The 4050 bands, excited with the pure isotope, have been photographed 
under high resolution. The lines the strongest band show intensity 
alternation. The values the band are the ratio 12: the values 
the corresponding band. These isotope effects are interpreted giving 
very good evidence that the \4050 band emitted triatomic carbon mol- 
ecule C;. 

INTRODUCTION 

The bands were first observed the spectrum comets and later 
reproduced the laboratory variety sources. few years ago the bands 
were photographed under high resolution and also excited carbon containing 
50% the isotope (2). From the results this previous work, appeared 
probable that the bands are emitted linear triatomic carbon molecule C;, 
but the present there has been definite proof that this so. (See, for 
example, the review Rosen and Swings (7).) the experiment described 
here, attempt has been made establish the emitter the band from 
study the isotope effect, using essentially pure 

One the most marked effects that may result from isotopic substitution 
arises from the influence nuclear spin the statistical weights rotational 
levels (5). For example, the ratio the statistical weights the more highly 
populated the less highly populated levels linear symmetric triatomic 
molecule 1)/J where the nuclear spin quantum number. Since the 
nuclear spins and isotopes are and respectively, the rotational 
lines band linear symmetric molecule will show intensity 
alternation, while every other line the corresponding band will 
missing. The influence nuclear spin the statistical weights rotational 
energy levels exists not only for linear molecules, but also for certain sets 
levels symmetric nonlinear molecules. 

Isotopic substitution has marked effect the moments inertia and 
hence the values molecule. substituted for any molecule 
containing only carbon outside the axis rotation, one should expect the 
values decrease the ratio 12: 13. This will cause the lines the band 
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the heavier molecule lie closer the origin than the corresponding lines 
the lighter one and good approximation might say that the band 
the heavier molecule the same that the lighter one, but contracted 
the inverse ratios the moments inertia. Besides the rotational isotope 
effect, there the large vibrational isotope effect which shifts the position 
the band whole. 


EXPERIMENTAL 


Methyl iodide which the content had been increased some 50% 
was purchased from Eastman Kodak Company. means the Grignard 
compound and careful rectification special vacuum system, pure methane 
was obtained from this methyl iodide. The content was further enriched 
thermal diffusion column one (K.C. collaboration with 
the University Ziirich. The diffusion apparatus was con- 
structed entirely glass and consisted five tubes, each 2.80 meters long 
and mm. internal diameter. Three similar tubes served strippers. 
Each unit was fitted with 0.4 mm. wire (80% 20% Ir) heater and was 
surrounded cooling jacket. The tubes were connected series and the 
gas exchange between them was effected new device. This consisted 
simply single narrow tube (~2 mm. diameter) connecting the head one 
unit with the foot the adjacent unit. The necessary gas movement was im- 
pressed the system sort pressure swing which operated the extreme 
ends the whole set with frequency one cycle per eight minutes. This 
arrangement was economical electric power and the time establish 
equilibrium and also the amount gas necessary fill the separation 
system. With energy input 2.5 kw., more than liter with 
purity 99% was obtained within two and one-half months. 

The spectroscopic work was carried out Ottawa. excite the 
bands, methane was admitted into ordinary positive column discharge 
tube with aluminum electrodes and discharge was passed through the 
methane until layer carbon was deposited the electrodes. this 
process the electrodes were effect turned into carbon electrodes. Using these 
carbon electrodes possible excite the \4050 bands the method dis- 
covered Herman (4), that is, filling the discharge tube with xenon and 
trace hydrogen and passing rather low current through the discharge 
tube. 

The bands were photographed the third order six meter grating 
spectrograph with dispersion 0.8 A/mm. Because the source not quite 
strong that used previously with the isotope, the resulting spectra are 
somewhat inferior. Nevertheless, the resolving power actually attained 
somewhat over 100,000 and quite sufficient demonstrate the nature 
the isotope effect. 

RESULTS 

The strongest the \4050 bands excited with the isotope (we will 
this paper refer this band the band) shown Fig. The band 
similar appearance the corresponding band, the and branches 
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WAVE NUMBERS THE BAND 


86.75 
85.95 
83.96 
83.35 
82.76 
82.11 
81.47 
80.79* 
79.33 
78.53 
77.73 
76.93 
76.09* 
75.20 
73.37 
71.45 
70.44 
69.43 
67.36 
65.12 
64.05 
62.79* 
61.66 
55.48 
54.17 
52.89 
51.61* 
48.84 
46.03 
44.63 
41.74 
38.79 
32.67 
29.55 
26.31 
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71.11 


(head) 


Blended lines; many the lines the branch probably are also blends. 
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65.58 
62.79* 
61.15 
59.70 
54.97 
53.40 
48.31 
46.61 
41.38 
95.94 
| 
32.10 95.17 
94.34 
24.33 93.49 
20.31 92.48 
16.27 91.47 
90.39 
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being plainly visible and most the branch being lost the band head. 
The wave numbers the lines the band are shown Table 

The most significant result this investigation can seen the repro- 
duction the spectrum Fig. The lines the branch, which are the 
only ones sufficiently strong and free from overlapping seen clearly, 
show intensity alternation. rough measurement few the branch 
lines that are free from overlapping shows that the ratio the intensities 
the strong the weak lines about The fact that the spacings between 
the lines the branch are approximately one half the spacings 
observed the band justifies the assumption, made previously (2), that 
every other line the latter band missing. Thus has been established that 
there 3:1 intensity alternation the band and every other line 
missing from the band. Such nuclear spin effect can arise only the 
emitter linear CXC YCXCY molecule. Under rather unusual con- 
ditions excitation which only certain rotational levels contribute the 
band, nonlinear CXC YCXCY molecules and even more complicated 
molecules could give bands with similar intensity alternation. Here 
represents any atom (including carbon) number atoms plane 
symmetry perpendicular line joining the two carbon atoms. also 
possible that the two carbon atoms are bonded together and there 
atom the molecule. represents any atom (excluding carbon) number 
atoms with zero nuclear spin symmetrically placed with respect the plane 
symmetry through determine which these species the emitter, 
necessary examine other data regarding the spectrum. 

The band has been analyzed but, the corresponding band 
not possible obtain unambiguous analysis. possible, however, 


TABLE 


COMPARISON THE COMBINATION DIFFERENCES FROM THE 
AND BANDS 


15.11 
21.85 
25.46 
30.69 
34.19 34.02 
35.7 
42.43 


The values are calculated interpolating 
between the observed with odd values. 
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obtain reasonable analysis which entirely consistent with the previous 
analysis the band the assumption that the values the band 
are 12/13 those the band. This illustrated Table where the 
combination differences obtained from the and branches the 
band are multiplied 13/12 and compared with the corresponding figures 
from the band. Similar sets corresponding combination differences can 
found from the and branches, but since the branch not accurately 
measured, the agreement somewhat less satisfactory. The small consistent 
differences between the two last columns Table are not unexpected since 
the positions the rotational lines are determined some extent constants 

other than and these other constants depend the mass the molecule 
complex way. The fact that the combination differences the band 
are related those the band simple ratio shows that the 
molecule emitting the \4050 bands contains atoms other than carbon 
unless the noncarbon atoms are the axis rotation the molecule. 

previous work (2) using methane enriched 50%, the strongest 
band the \4050 group showed six heads. Because their relative positions 
and intensities, these heads were interpreted belonging the six isotopic 
species molecule that would result from mixture and 
isotopes. The band heads obtained that time were weak and there may have 
been some doubt this interpretation. The band head obtained the 
present work with pure lies 24698.47 and within the experimental 
error the previous measurements lies the same position the band head 
previously assigned the molecule. The new band therefore confirms the 
interpretation given the six band heads and establishes the fact that there 
are three carbon atoms the molecule emitting the 4050 bands. 

pointed out above, the intensity alternation the band justifies the 
assumption previously made that every other line the band missing. 
Hence, can now certain that the analysis the band not greatly 
error and the values the molecule are about 0.4 has been 
discussed the earlier work, this value leads reasonable internuclear 
distance one assumes that the band arises from linear molecule. 

The results given above regarding the molecule emitting the \4050 bands 
may summarized follows: 

(a) The intensity alternation shows that the molecule must one the 
limited number given above. 

(b) The ratio the values the two isotopic molecules shows that the 
molecules contain only carbon atoms all positions outside the axis 
rotation. 

(c) The six band heads that are observed when 50% used show that 
the molecule contains three carbon atoms. 

about 0.4 

the basis these data obtained from the spectrum, appears that the 
bands must emitted molecule. Certainly the emitter cannot 
molecule with other than three. The experimental conditions under 
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which the bands appear also support this conclusion regarding the 
emitter. Though can scarcely said that these experimental conditions are 
sufficient prove that the bands are emitted molecule, appears that 
under all conditions observation the assumption that the emitter 
molecule does lead reasonable interpretation the experiment. Also, 
the recent observation (1, that the ion may obtained the electron 
bombardment the vapor from hot graphite does indicate that stable 
molecule. 


might pointed out that type molecule which the distance 


between the atom and the central carbon atom small cannot eliminated 
the arguments given above. Previous experimental work with deuterium 
and the present work show that the atom cannot hydrogen carbon 
atom. The available spectroscopic evidence does not, however, give positive 
proof that the atom not present. 

Aside from the fact that the molecule has been invented purely because 
the only molecule, apart from that cannot dismissed being 
incompatible with the observed spectrum, there considerable amount 
information indicating that the molecule cannot the emitter the 
4050 bands. the bands are due C3Y molecule, order account for 
the simplicity the strongest 4050 band, all the upper state rotational levels 
with other than zero must contribute nothing the band. possible 
some type predissociation the upper state obtain such band but one 
must consider this improbable occurrence. Thus, the spectrum does 
give some evidence that rather unlikely that C;Y molecule the emitter. 
The experimental conditions under which the 4050 bands have been observed 
supply even better evidence against C;Y. The most likely atoms fill the role 
the atom (and probably the only ones worth considering) are oxygen and 
nitrogen. The \4050 bands can, however, observed discharge tube 
which the oxygen and nitrogen impurities are low that the persistent bands 
neither nor appear. Furthermore, the intensity the \4050 bands 
appears way related the amount oxygen nitrogen the tube. 
Also, the fact that the bands occur high-temperature carbon furnace (3) 
where the existence more complex polyatomic molecules quite improbable 
seems indicate that cannot the emitter. therefore appears that 
the molecule need not seriously considered emitter the \4050 
bands. 

Though the present work has shown that the bands are emitted 
molecule, has contributed nothing toward analysis the bands. 
Even the strong band that has been measured not fully understood. The 
fact that the ratio the combination differences the the band 
13: does not necessarily prove that the analysis correct. the and 
branches are numbered incorrectly both isotopic bands, the resulting 
apparent values are still determined and and the 
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ratio still exists. The problem analyzing and explaining the many complex 
bands the \4050 group still remains unsolved. Work this problem will 
undertaken the near future. 
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MAGNETIC DISTURBANCES, SPORADIC AND RADIO 
ECHOES ASSOCIATED WITH THE AURORA! 


ABSTRACT 


comparison simultaneous data the visible aurora, the earth’s magnetic 
field variation, vertical and oblique ionosonde echoes, and very-high-frequency 
radar echoes has been made. Long-range high-frequency and very-high-frequency 
radio echoes not appear correlate individually. Reflections are observed, 
however, both frequency ranges coincident with the appearance low eleva- 
tion auroral arcs, which are associated with magnetic bays. 


INTRODUCTION 


The observations from several auroral projects Saskatoon have been 
compared and are discussed here. The various phenomena associated with 
the aurora are: variations the earth’s magnetic field, vertical and oblique 
incidence ionosphere sounding, radar echoes, and the angular position the 
visible aurora. representative combined record shown Fig. 


II. MAGNETIC VARIATIONS 


Variations the three components the earth’s magnetic field 
are measured using magnetometer the saturating core type, and are 
recorded paper strip recorder. Disturbance variations are observed all 
three components but usual describe disturbance the variations 
the component. 

the component, geomagnetic disturbances take the form bay-like 
deviations from the normal value bay may last from few minutes 
hour more, and may increase decrease the magnetic field (4). 
The former called positive bay, the latter called negative bay. During 
very disturbed periods, number these bays may exist, often overlapping 
each other and resulting deviations continuing through most the 
night. 

HIGH-FREQUENCY OBSERVATIONS 


standard ionosonde recorder frequency range Mc./s. has been 
operated disturbed nights. Alternate records are made sec. intervals 
during the night, using vertical delta antenna and horizontal rhombic 
antenna directed toward geomagnetic north. 

Oblique echoes are frequently observed. These may divided into two 
general groups. 

Ranges below about 300 km.—These echoes are attributed moving 
ionization the region. Velocities these clouds Saskatoon 
are the same order those measured previously Baker Lake (3). The 
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SASKATOON DISTURBANCE SEPT. 1953 
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FIGURES INDICATE #Es - OBLIQUE EXCEPT FOR TRACES 
MARKED 


KILOMETRES 


n'Es 


VARIATION MAGNETIC 
200 GAMMA INTERVALS 


LOCAL STANDARD TIME 


maximum reflection frequency usually less than Mc./s. While such echoes 
are seen more often during disturbed periods, they are not related visible 
auroral features. They may move overhead when there aurora high 
elevations. appears that these clouds move south the auroral light area, 
and are best described the auroral disturbance region. 


Ranges from 300 800 km.—These occur most frequently before and 
the time the peak positive bay the horizontal component 
the magnetic field. Consequently, such echoes exist predominantly the 
afternoon and evening when positive bays occur. The minimum reflection 
frequency long-range echoes usually between and Mc./s. This, 
course, may due the characteristics the rhombic antenna pattern. 
The upper frequency limit echoes variable and limited the drop 
efficiency the ionosonde Mc./s. While difficult define the radia- 
tion pattern the rhombic antenna owing the large range operating 
frequencies, the pattern may considered definitely biased towards the 
north. The main lobe moves from about 30° elevation downward the 
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frequency increases from Mc./s. Echoes group decrease and increase 
range uniformly, and are frequently seen with both antennas. Echoes 
group may vary erratically range from minute minute, and are seen 
mainly with the north-pointing rhombic. 

The ionosonde echoes observed vertical and oblique incidence the 
night Sept., 1953, are shown the third panel Fig. Those which 
are stronger, are received only the vertical antenna, are indicated 
after the number giving the top reflection frequency. 

Only the Mc./s. echoes appearing about 600 km. range from 20: 
hr. can reasonably identified with similar echoes the very-high- 
frequency radar. Other oblique echoes appear uncorrelated with radar echoes. 

The Mc./s. echo between 20:20 and hr. interesting. could 
perhaps interpreted ground scatter from sporadic cloud (6). 

sloping trace starts from 21:08 hr., where the reflection point north- 
ward the zenith with top reflection frequency Mc./s., and decreases 
range until 21: hr. where overhead and has top reflection frequency 
Mc./s. The velocity the ionization about 480 km./hr. 


IV. VERY-HIGH-FREQUENCY RADAR OBSERVATIONS 


The radar data were obtained from apparatus operating and 
106.5 Mc./s. (1). comparison the radar records with the magnetometer 
variations for the past year has shown very-high-frequency radar reflections 
from aurora low angles elevation the north associated very 
closely time with positive bays. The effect best observed during isolated, 
sharp, positive bays the early evening. The usual echo range 500-1000 km. 

Association with negative bays not definite. This probably due the 
displacement the aurora higher angles elevation during negative bays, 
and the fact that radar echoes cannot obtained from aurora high angles 
(above approximately 20°). The disturbance quite widespread such times, 
and the observed magnetic variation likely the resultant number 
localized disturbances. This masks the individual disturbances, and makes 
difficult associate the echoes with any particular feature the magnetic 
variation. 

The radar data obtained Sept. are shown the second panel Fig. 
The received signals were recorded photographing intensity-modulated 
cathode-ray tube continuously moving film. The antenna was fixed 
azimuth magnetic north. Simultaneous height-finding measurements (2) 
the Mc./s. echoes established their origin direct reflection from ion- 
ization heights about 110 km. The radar echoes greatest extent and 
intensity occur during the positive bay peaks. The 106 Mc./s. echoes appeared 
only during this time. The associated high-frequency long-range echoes the 
ionosonde occur mainly before the peaks. The short-range Mc./s. echoes 
which appear 21: hr. 330 km. range are not common. 


THE VISIBLE AURORA 


record visible bright aurora included Fig. The auroral plot was 
obtained from photoelectric recorder modified and improved version 
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the recorder described (5)) which scans the magnetic meridian 10-min. 
intervals. Normally, for clear nights, the record scaled obtain the auroral 
intensity function angle elevation. Unfortunately, the night 
Sept. was mostly cloudy and accurate record was not obtainable. 
Previous analysis has shown the correspondence between positive bay and 
bright aurora (4), and between radar echoes and auroral forms (1). 


VI. SUMMARY 


There definite tendency for strong, long-range echoes both high 
frequency and radar frequencies occur connection with positive bays. 
However, has not been possible relate the details the individual echoes 
all the detailed changes the magnetic field. advancing 
sporadic ionization appears move southward advance the auroral 
light. The high-frequency and very-high-frequency radio waves used here 
not, general, the same ionization. The amount coincident obser- 
vational information available yet still small, but further investigations 
along these lines seem warranted. 
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HIGH RESOLUTION RAMAN SPECTROSCOPY GASES 
EXPERIMENTAL METHODS! 


STOICHEFF 


ABSTRACT 


apparatus for obtaining intense Raman spectra gases excited the 
4358 line described. consists mirror-type Raman tube irradiated 
two high-current mercury lamps, completely enclosed reflector magnesium 
oxide. The lamps are externally water-cooled along their entire length and emit 
sharp lines high intensity. 

Rotational Raman spectra gases pressure atm. have been photo- 
graphed the second order ft. grating exposure times hr. 
The Raman lines are sharp and resolving power about 100,000 has been 
achieved. will possible resolve the rotational Raman spectra, and hence 
evaluate the rotational constants molecules having moments inertia 
300 gm. cm.? Such investigations will especially useful for non- 
polar molecules. 


INTRODUCTION 


The investigation the vibrational Raman spectra molecules has made 
substantial contributions the development our present ideas molecular 
structures. Valuable data for the determination molecular symmetry and 
for the calculation force constants and thermodynamic quantities have 
been collected for almost every simple molecule. These data have been ob- 
tained from the measurement frequency, relative intensity, and polarization 
vibrational bands observed Raman spectra, usually photographed 
low dispersion and for substances the liquid state. 

Additional information about the structure molecules can obtained 
from the investigation the Raman spectra gases. When this 
rotational structure resolved, can lead the evaluation moments 
inertia and hence internuclear distances and valence angles. 

Experimentally, the investigation the Raman spectra gases has been 
difficult problem mainly because the low intensity Raman scattering. 
Thus, with the exception the early work Rasetti (8), Dickinson, Dillon, 
and Rasetti (3), and Houston and Lewis (5), very few studies have been 
devoted this phase Raman spectroscopy. Only recently have some 
these difficulties been overcome that the Raman spectra certain gases 
can now photographed high dispersion. The development the Toronto 
mercury lamp and the introduction the mirror-type Raman tube Welsh, 
and their collaborators (10,11) have contributed greatly the 
solution this problem. Further improvements apparatus this laboratory, 
particular the development even more powerful mercury lamp, have 
made possible the use ft. grating for photographing Raman spectra 
gases. Thus, high resolution Raman spectroscopy gases now feasible, and 
new molecular data high accuracy can obtained. 
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Molecular constants high precision have been determined for many 
diatomic and polyatomic molecules from the investigation their 
vibration spectra the photographic and near infrared regions. However, 
well known that the bands some molecules are not 
easily amenable analysis; the bands may perturbed and overlapped 
neighboring bands, and sometimes the band center cannot located. These 
difficulties have been avoided, some extent, the investigation the pure 
rotational spectra molecules the far-infrared and microwave regions. 
However, both microwave and far-infrared spectroscopy are applicable only 
polar molecules. the other hand, means the Raman effect 
possible study the pure rotational spectra nonpolar well polar 
molecules. Furthermore, Raman spectroscopy can also used for the investi- 
gation the spectra molecules. 

All molecules with the exception the spherical tops have pure rotational 
Raman spectrum. This spectrum generally more intense than the 
vibration Raman spectrum and usually simpler appearance. Hence the 
pure rotational spectrum easier photograph high resolution and easier 
analyze. additional advantage that the exciting line defines the center 
the rotational spectrum and the rotational numbering readily ascertained. 
Also, check the measurements provided comparison the wave 
number shifts the corresponding Stokes and lines. 

According the Raman selection rules derived Placzek and Teller (7) 
the rotational structure vibrational Raman bands somewhat different 
from that found infrared bands. the structure well resolved, the analysis 
can yield information which not available from the infrared bands alone. 
this respect, the investigation the vibrational Raman bands high 
resolution may valuable for particular problems. For example: complications 
the infrared bands arising from Coriolis interactions 
have far prevented accurate evaluation the moment inertia 
methane and the least moment inertia the methyl halides. pointed 
out Herzberg (4), possible, theory least, solve these problems 
from the rotational analysis the appropriate Raman bands. 

view the possibilities the Raman effect, briefly described above, 
program for the study the Raman spectra gases high resolution has 
been started this laboratory. 


APPARATUS 


order obtain the desired information from Raman spectra, the Raman 
lines must sharp and they must photographed high resolution. The 
observed width the Raman lines mainly determined three factors: the 
instrumental width, the width the exciting line, and the width due 
pressure broadening the gas under study. Therefore, the present application 
requires the use spectrograph high resolving power, sharp exciting 
line, and low gas pressure. Since high resolution spectrograph usually one 
low light gathering power, and since low gas pressure results low 
intensity scattered light, source very high intensity must used 
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excite the Raman spectra and, furthermore, the scattered light must col- 
lected and used with the utmost efficiency. 

Raman source using the intense and sharp 4358 line for exciting the 
Raman spectra has been built this laboratory and has been used with 
ft. grating spectrograph. With this apparatus, Raman spectra gases 
pressure atm. have been photographed high resolution and high dis- 
persion exposure times few hours. The major factors contributing 
the successful use the ft. grating are: (1) the use system concave 
mirrors increase the efficiency the Raman tube; (2) the development 
high-current mercury lamp emitting sharp lines high intensity; (3) the 
complete enclosure the Raman tube and lamps diffuse reflector mag- 
nesium oxide increase the light intensity incident the Raman tube; and 
(4) the use blazed grating. 


(1) Mirror-type Raman Tube 

Welsh, Cumming, and Stansbury (11) have shown that the efficiency 
Raman tubes for gases can increased the use system concave 
mirrors. The gain intensity, especially when mirrors high reflectance are 
used, can considerable and hence Raman tube this design indispensable 
for high resolution Raman spectroscopy. 

The Raman tube shown Fig. essentially pyrex tube with two 
mirrors each end held rigidly position metal framework. The optical 
system, consisting four concave mirrors equal radii curvature, 
identical that suggested Welsh, Cumming, and Stansbury. This arrange- 
ment the simple three-mirror system used White* (12), 
and Bernstein and Herzberg (1), for obtaining long absorbing paths. The 
present design, however, replaces the side exit slit the front mirror the 
White system with central exit slit formed mounting the front mirrors 
and about mm. apart. The mirrors and unlike the rear mirrors 
and are aligned have common center curvature. This arrangement 
equivalent single spherical mirror with transparent central slot. 

The procedure used for the optical alignment the Raman tube basically 
that used White. strong source light placed the focal plane 
the spectrograph camera and fills the dispersing element with light. Light 
from the spectrograph slit then focused the central exit slit the tube 
system condensing lenses, and fills the rear mirror This light focused 
close the slit edge mirror (see Fig. 1). The light then falls 
and focused and on. Thus the mirrors and form images 
the spectrograph slit alternate sides the exit slit, mirrors and 
Mirrors and are adjusted until the maximum number images have 
been formed and the number being limited the size the front 
mirrors. 

The increased efficiency Raman tube with such mirror system can 
understood from consideration the foregoing alignment procedure. Each 


Since the White system more easily adjusted, attempt was made employ this system 
Raman tube. However, stray light proved more serious problem with the White system 
and the present design using four mirrors was adopted. 
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image the front mirrors the apex two cones defined the apertures 
all slightly inclined one another and thus the spectrograph many 
different cones light within the volume the tube. Hence, when the gas 
the Raman tube irradiated and the molecules scatter light all directions, 
the light directed into each these cones, after light losses each reflection, 
enters the spectrograph. The increase intensity obtained for large number 
cones approaches 1/(1 r), and hence dependent the reflectance 
the mirrors, and the number cones entering the spectrograph. 

Welsh, Cumming, and Stansbury obtained factor about seven the 
visible region with aluminum-coated mirrors. further gain achieved the 
present tube with the use multiple-layer mirrors (9) specially coated give 
the highest reflectance the region 4000-5500 account this high 
reflectance (approximately 99%), has been possible obtain gain 
20-30 intensity over the conventional single-cone Raman tube. 

the visible region, stray light presents difficult problem with mirror- 
type Raman tube. Much this trouble can avoided using very clean, 
scratch-free mirrors, and shielding the mirrors from the direct light the 
lamps. For this purpose, black diaphragms are placed front the mirrors 
and window. Proper diaphragming particularly important when grating 
spectrograph used for the study pure rotational spectra, since much 
the region close the exciting line usually overlapped strong grating 
ghosts. The stray light and consequently the ghost intensity can reduced 
inserting system black annular diaphragms along the entire length 
the tube, but only the expense about half the light incident the 
Raman tube. 

(2) High-intensity Mercury Lamp 
stated earlier, the light source should have high intensity and should 


emit sharp lines. The Toronto-type mercury lamp (10) with water-cooled 
electrodes fulfills this need; source high intensity and the hyperfine 


PYREX BELLOWS 


WATER AT 40-50°C. 
MERCURY POOL 


WATER AT 10-20°C, 
KOVAR ELECTRODE 


OPERATING CONDITIONS 
25 AMP. 
80 VOLT 


Fic. current, low pressure, mercury lamp used for excitation Raman spectra. 


The lamp externally water-cooled along its entire length. 


85cm. 
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structures the lines are resolvable. Recently, Crawford, Welsh, and 
Harrold (2) were able increase the intensity this type lamp means 
water-cooled pyrex tube placed within the discharge tube itself. 

high-current mercury lamp new design shown Fig. The new 
feature the external water cooling along the entire length the lamp. 
This lamp retains all the desirable characteristics the Toronto lamp, and 
addition starts easily, gives higher intensity, and can completely 
enclosed reflector. These characteristics will discussed more fully after 
brief description the lamp. 

The lamp envelope constructed pyrex glass. The mercury pools 
both ends are kept temperature with tap water. Condenser 
sections, about cm. long, provide large cool surface for condensation 
the mercury, thus ensuring low pressure mercury the lamp and pre- 
venting rapid transfer mercury from one pool the other. Kovar cups 
serve electrodes. Their large surface area provides efficient cooling and may 
eliminate outgassing high currents, often source trouble with thin 
tungsten leads. The central illuminating section kept 40-50° 
circulating water system. higher temperature than that the mercury 
pools used order prevent condensation mercury the walls the 
discharge tube. glass bellows allows for the differential expansion the 
inner and outer walls the lamp. 

simple procedure for filling the lamp with mercury has been found satis- 
factory. The lamp evacuated, mercury distilled into both ends, and the 
discharge started. The current slowly raised amp. and the water 
the central section kept temperature Operation the 
lamp for hr. with continuous pumping appears sufficient for out- 
gassing. The lamp sealed off when the pressure due foreign gases less 
than mm. Hg. 

One the most desirable features this lamp the ease with which the 
discharge can started. voltage 110 220 d-c. used. The lamp must 
warm, room temperature higher. Heat applied, when necessary, 
circulating warm water along the lamp. strip metal foil placed 
contact with the glass the cathode end and order start the lamp the 
foil touched with Tesla coil. Once the discharge has started, the cooling 
water turned on. The current then slowly increased means variable 
resistor from amp. the operating current amp. This lamp has been 
operated higher current, amp. for several hours and amp. 
momentarily. Further cooling the Kovar electrodes and mercury pools 
necessary these high currents order prevent both overheating the 
electrodes and the rapid transfer mercury from one pool the other. The 
maximum current for this lamp not known, but current amp. appears 
satisfactory all respects. 

After 300 hr. operation, the first lamps showed appreciable blackening, 
which resulted some loss intensity. Part this was due deposit 
the water jacket which was readily cleaned with dilute nitric acid, but more 
serious was the blackening the discharge tube itself. more thorough out- 
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gassing procedure was used one new lamp attempt minimize this 
blackening, but without success. (The lamp was first baked 500° under 
vacuum for five hours and was then filled with mercury.) Some success has 
been obtained with the use Corning glass No. 1710 for the discharge tube. 
One such lamp has now been operation for nearly 300 hr. and shows only 
slight indication blackening. 

Several desirable characteristics this lamp are due the external water- 
cooling the discharge tube. The radiant energy appears concentrated 
the blue region and hence the lamp intense source the 4047 and 
4358 lines. Qualitative tests show that current amp. the intensity 
the 4358 line approximately four times that emitted the familiar 
Toronto lamp operated its normal current amp. Also, the intensity 
increases linearly with increasing current nearly amp. the operating 
current amp. intensity factor about over the Toronto lamp 
realized. The low temperature the mercury pools and lamp walls ensures 
low pressure mercury vapor. Hence the emitted lines are sharp and indeed 
their hyperfine structure has been resolved. the 4358 line, about 90% 
the intensity appears concentrated line half-width about 
0.2 well separated from the other isotopic components. Finally, the 
intensity the mercury continuum exceedingly low. 

Since the heat the lamps dissipated the cooling water, the lamps and 
Raman tube can completely enclosed reflector. Menzies and Skinner (6) 
increased the efficiency their source surrounding with diffuse reflector 
magnesium oxide. test this type reflector was carried out with the 
present Raman tube and two lamps. Raman spectra were photographed under 
identical conditions, with and without the reflector. reduction six 
exposure time was indeed realized with the use the magnesium oxide re- 
flector. 

the present arrangement, two lamps are used illuminate cm. 
length the Raman tube. They are placed along opposite sides the tube 
and close the tube possible. The lamps and the illuminated section 
the Raman tube are enclosed reflector magnesium oxide and all the 
electrical and water connections are outside the reflector. This very 
convenient arrangement since the tube and lamps remain position, un- 
disturbed, when optical adjustments are made and when the lamps are started. 


(3) Spectrograph 

ft. grating spectrograph Eagle mounting was used photograph the 
Raman spectra. The concave grating, ruled Richardson the Bausch 
and Lomb Optical Company, has area in. in. ruled with 15,000 
lines per inch, and blazed give maximum intensity the second order 
5000 Much the success this work due the efficient blazing this 


grating. 


RESULTS AND DISCUSSION 


Preliminary tests the Raman source described were carried out with 
Zeiss three-prism spectrograph having camera aperture F/10. Several 
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gases one atmosphere pressure were used. The pure rotational spectra and 
branches the vibrational bands hydrogen, nitrogen, and oxygen were 
photographed exposure times min. The three totally symmetric 
vibrations ethylene were observed eye and were photographed along 
with the pure rotational spectrum two three minutes. These encouraging 
results prompted the use the ft. grating spectrograph. 

The pure rotational Raman spectra several molecules have been photo- 
graphed the second order the ft. grating with linear dispersion 
slit width 0.03 mm. was used, corresponding the half-width the exciting 
line (0.2 Under these conditions, the observed Raman lines are indeed 
sharp. Thus, possible resolve lines which are finely spaced and 
measure them with high degree accuracy. The closest rotational structure 
photometer trace part this spectrum shown Fig. The lines are 


Fic. trace part the rotational Raman spectrum photo- 
graphed the second order the ft. grating. 


well resolved and indicate limit resolution about 0.3 0.4 For 
linear molecule, whose rotational spacing given 4B, this limit would 

The pure rotational Raman spectra many molecules can probably 
obtained under these experimental conditions, with the apparatus described 
here. The present series investigations directed towards this aim, with 
particular attention being paid the nonpolar molecules. When sources 
higher intensity and spectrographs larger aperture become available, 
attempts will made extend the investigations 
bands and, possible, overtone and combination bands. 


0.63 
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HIGH RESOLUTION RAMAN SPECTROSCOPY GASES 


II. ROTATIONAL SPECTRA AND AND INTERNUCLEAR 
DISTANCES THE BENZENE MOLECULE! 


ABSTRACT 


The pure rotational Raman spectra benzene and pressure 
atm. were photographed the second order ft. grating. Both spectra 
were resolved and analyzed, yielding for the rotational constants the values 


and, therefore, for the moments inertia about axis perpendicular the 
figure axis 


assumed that the benzene molecule has the planar hexagonal structure, 
the moments inertia just given yield for the internuclear distances benzene 
the values 


INTRODUCTION 


‘Although approximate values for the internuclear distances the benzene 
molecule have been determined the X-ray and electron diffraction methods 
highly desirable obtain accurate spectroscopic values for these 
distances. pointed out the first paper this series (13), the pure rota- 
tional Raman spectrum offers several advantages such investigation. 
This particularly true for molecule such benzene, since has 
permanent dipole moment and hence microwave absorption spectrum. 
Moreover, its infrared spectrum, which could give the 
same information, has not yet been investigated with sufficiently high 
resolution. 

The success the apparatus described suggested that might 
possible resolve the rotational structure the Raman spectrum benzene 
vapor. The present investigation was directed towards this end. The rota- 
tional Raman spectrum has indeed been resolved and the results were 
communicated earlier note (12). Since that time, the rotational Raman 
spectrum has also been obtained. analysis these spectra has 
led the direct evaluation the C-C and C-H distances the benzene 
molecule. 


EXPERIMENTAL 


The Raman tube, the exciting source, and the grating spectrograph de- 
scribed were used this investigation. The Raman tube was heated 
electrically temperature 65-70°C. means nichrome wire wound 
around the tube. The metal ends holding the mirrors were heated higher 
temperature order prevent condensation the mirrors. Pure liquid 
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benzene was placed pyrex container the rear end the Raman tube. 
This container was surrounded water bath kept 60°C. this tempera- 
ture the vapor pressure benzene about atm. 

The was prepared Dr. Leitch the Division Pure 
Chemistry the National Research Council Canada (7). analysis the 
sample mass spectrometry showed that contained 95.2% and 

The rotational Raman spectra were excited the 4358 line and were 
photographed the second order the ft. grating. The slit width was 
0.03 mm. and the linear dispersion was 6.75 Two photographs 
each spectrum were obtained Kodak 103 plates exposure times 
hr. and hr. Second- and third-order iron lines were used standards 
wave length. 

Each plate was measured four times. The Raman shifts for the Stokes and 
anti-Stokes lines were obtained subtracting the wave number the 
exciting line from the wave numbers the rotational lines. The wave 
length the exciting line chosen 4358.328 measured Burns, 
Adams, and Longwell (2). The corresponding wave number 22938.134 


OBSERVED SPECTRUM 


Photographs the pure rotational spectra CsHs and are shown 
Fig. each spectrum the most prominent feature series finely 
spaced lines extending about both sides the exciting line. 
The lines are relatively sharp and well resolved. Their spacing about 0.76 
and 0.63 Several weak ghosts, widely separated 
and far removed from the exciting line, also appear the spectra, but these 
only interfere with few the Raman lines. 

The region close the overexposed exciting line somewhat masked 
the intense grating ghosts and therefore was not possible measure 
lines within about the exciting line. this region the 
spectrum, several lines can seen (on the original plates) which lie approxi- 
mately midway between lines the main series. the spectrum, the 
region close the exciting line covered intense continuum which 
slowly decreases intensity with increasing displacement and extends 
about either side the exciting line. 

The wave number shifts the rotational Raman lines and 
are listed Table The values given are the averages Stokes and anti- 
Stokes lines measured two plates. Stokes and anti-Stokes lines 
and were measured the hr. plates, and slightly 
smaller number the hr. plates. The agreement between the values ob- 
tained from the two plates was within 0.02 for all the lines both 
CeHe and 

addition the rotational spectra, two sharp vibrational lines were 
observed all the plates. They are the branches the totally symmetric 
and C-C stretching frequencies. The wave number shifts are 
3073.49 and 2303.16 and 992.75 and 945.45 for 
and respectively. 
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TABLE 


OBSERVED AND CALCULATED WAVE NUMBER SHIFTS OF THE ROTATIONAL RAMAN LINES OF 
AND 
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20.093 20.095 
20.851 
21.618 21.609 
23.140 23.125 
24.638 24.642 
25.405 25.400 
26.915 26.915 
.684 
28.451* 28.431 
29.187 
29.946 
30.688 30.704 
31.461 31.461 
32.224 32.218 
32.970 32.976 
33.720 33.734 
34.484 34.490 
35.255 35.248 
36.014 
38.276 
39.794 39.791 
40.547 
41.305 41.304 
42.061 
42.816 42.819 
43.574 
44.327 44.331 
45.854 
48.113 
50.370 
51.147 51.138 
51.895 51.894 
52.651 52.650 
(53.419) 53.405 
54.166 54.161 
(54.922) 54.917 
680) 55.672 
(57.199)* 57.183 


values are averages the Stokes and anti-Stokes lines measured two plates except the 


(44.208) 
(44.841) 


(45.442) 
(46.713) 
(47.313)* 


values brackets which were measured one plate only. 


*An asterisk overlapping grating ghosts. 


—0.002 
+0.009 
+0.010 
+0.015 
+0.004 19.750 19.756 —0.006 
—0.004 20.367 20.383 —0.016 
+0.005 20.992 21.011 —0.019 
+0.008 21.615 21.637 
0.000 22.252 22.264 —0.012 
+0.010 22.882 22.891 —0.009 
+0.020 —0.008 
—0.009 24.145 24.146 —0.001 
24.753 24.772 —0.019 
25.388 25.398 
+0.006 26.640 
—0.006 —0.006 
+0.007 29.159 —0.024 
29.775 —0.014 
0.000 30.421 30.415 +0.006 
+0.004 31.035 31.041 —0.006 
+0.015 31.670 31.667 +0.003 
0.000 32.283 32.293 —0.010 
+0.003 32.913 32.920 —0.007 
+0.005 33.548 —0.002 
+0.001 34.175 34.175 0.000 
+0.001 34.800 34.802 —0.002 
—0.003 35.432 35.428 +0.004 
+0.002 +0.001 
—0.004 36.689 36.680 +0.009 
—0.004 37.313 +0.005 
—0.001 38.510* —0.050 
+0.012 39.161 39.187 —0.026 
—0.007 39.808 39.814 —0.006 
40.444 +0.004 
—0.018 41.072 41.065 +0.007 
—0.012 41.691 41.692 —0.001 
+0.009 42.315 42.320 —0.005 
+0.001 42.947 +0.001 
+0.014 44.198 +0.010 
+0.005 44.824 +0.017 
+0.005 45.451 —0.009 
+0.008 46.078 —0.013 
—0.003 O11 
+0.016 —0.015 
—0.032 
—0.009 
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ROTATIONAL ANALYSIS 


the analysis the rotational spectrum, assumed that the benzene 
molecule has the planar regular hexagonal structure; that is, the benzene 
molecule symmetric top point group 

The rotational energy levels the nonrigid symmetric top, derived 
Slawsky and Dennison (11), are 


the benzene molecule The centrifugal stretching constants 
and are very small magnitude. 

The Raman selection rules for rotational transitions have been derived 
Placzek and Teller (9). For symmetric top +1, +2; 
the pure rotational spectrum, corresponds the exciting line, 
where refers the upper state and the lower state. When the selection 
rules +1, +2; are applied the energy levels equation 
[1], two series lines, the and branches, are obtained, with displacements 


and F(J +2, F(J, 
1,2... 


respectively. 

Both the and branches consist series nearly equidistant lines 
either side the exciting line. The spacing the branch almost double 
that the branch, and hence the branch extends twice far from the 
exciting line. Also, each line with even will almost superimposed 
line. For both the and branches, the lines with the same but different 
are nearly coincident, but not exactly so, shown the term with jx. 
This term represents small splitting each rotational line. Since all the 
observed lines are sharp, this term may neglected without seriously af- 
fecting the results the analysis. further reason for omitting this term 
given later this section. 

evident that the main series lines observed the spectra 
and belong the branches. The lines the branches would extend 
only half far those the branches, that about from the 
exciting line. mentioned Section this region overlaid many 
grating ghosts and continuum. The continuum probably due the 
overlapping the wings the lines the and branches. Only the 
spectrum was possible observe some lines which might belong 
the branches, but these were not measurable. The following analysis thus 
based the lines the branches only. 
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Since the rotational lines are very nearly equidistant, the numbering the 
lines immediately obtained from the quotient the displacement 
given line and the separation successive lines. With the numbering estab- 
lished, the analysis was carried out the usual manner. From the equation 
for the Raman shifts the branch, one obtains 


Fig. From the intercept, one obtains and from the 
slope, 


1000 2000 3000 4000 5000 (3 +372)" 


Fic. 3/2) for the ground states and 


For all the points lie straight line having intercept 
sion for the intercept the term 6D, completely negligible. The effect the 
term also negligible. From consideration the population the 
various levels thermal equilibrium, found that transitions from 
levels with contribute almost all the observed intensity. Although 
cannot evaluated directly, seems reasonable assume that 
about the same order magnitude and hence, most, will 
about This less than the estimated error the intercept. 
Therefore, for 


For the best straight line drawn through all the points yields 
intercept 0.6269 and zero slope. However, mentioned Section 
the rotational lines with are superimposed sloping background. 
This background would tend cause the Stokes and anti-Stokes lines 
appear slightly closer the exciting line, resulting lower wave number 
shifts. Such systematic effect indeed observed the graph (J+3/2) 
shown Fig. Here the straight line drawn through the points corresponding 
terms 6D, and the intercept. Therefore, for 


Although accurate expression for calculating the constant for 
symmetric top such not known, can probably expressed 


| 4V 1 
+3/2 
(cm 
0.7590 
5 OP 
0.757 
0.6280 
0.6270 
0.6260 
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When the above values and for are substituted 
this equation, one obtains 1000 value nearly equal the 
value the stretching frequency v2. This equation can also used 
for almost double the observed value, but within the limits 
error given above. 

The foregoing analysis has been based the assumption that the observed 
rotational lines arise from transitions amongst the rotational levels the 
vibrationless ground state. However, 60°C., about 30% the molecules 
will excited the doubly degenerate vibrational state which 404 
above the ground state, and transitions amongst these rotational 
levels may also contribute the intensity the observed lines. The energy 
levels for this vibrational state will also given equation [1], but with 
rotational constants characteristic this state. expected that, for 
bending vibrational mode such will differ very little from and 
hence the two rotational spectra will almost superimposed. Any differences 
the rotational constants will result slight shift the two spectra and 
hence lead value which not exactly but weighted average 
and error may also arise the values for owing the inexact 
superposition the branch lines with those the branch mentioned 
earlier this section. Both errors are expected very small, and since 
accurate correction cannot made, the experimental values for the 
rotational constants are retained. 

the experimental constants are used calculate the positions the 
rotational Raman lines, good agreement with the measurements obtained, 
shown Table Although, expected, there systematic trend the 
obs. cal. values for low values, almost all the obs. cal. values 
are within 0.02 For the r.m.s. deviation 0.009 and 
for 0.011 (when the few lines overlapped grating ghosts 
are omitted). Such deviations are agreement with the estimated error 
measurement. 


INTERNUCLEAR DISTANCES THE BENZENE MOLECULE 


During the long history the study the benzene molecule, several 
models have been proposed for its structure. These include Kekule’s model 
symmetry and others symmetry and all four being 
symmetric tops. For these models, the predicted structure the pure rota- 
tional Raman spectra the same (9). Hence, although the observed spectrum 
consistent with symmetric top structure for the benzene molecule, 
does not distinguish between the four models. However, past work the 
vibrational infrared and Raman spectra benzene and its derivatives, 
notably Kohlrausch (6), and Ingold and his co-workers (4), provides 
overwhelming evidence favor the highly symmetrical structure. 
the basis this model, the data obtained the present research can 
used calculate the internuclear distances the benzene molecule. 
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The moment inertia the benzene molecule about axis the plane 
the molecule given the simple expression 
The moment inertia about the figure axis, twice this value. Thus, 
the moments inertia are functions the two unknowns, the distance 


r(C-C) and the C-H distance The values and 
calculated from the respective values determined here are 


These two values together with the assumption that the internuclear dis- 


tances are exactly the same both molecules then yield the values 


The atomic constants used these calculations were those derived DuMond 
and Cohen (3), and the masses were those given the 1949 Isotopic Report (8). 

Although the assumption made above, that the internuclear distances are 
identical, holds rigorously only for the equilibrium distances r,, will prob- 
ably hold for within 0.005 The determination B,, and hence r,, for 
benzene rather formidable task. The values a’s, the constants repre- 
senting the change value for the different vibrational levels, must 

known, and present not one the a’s has been determined. 

interesting show graphically the way which the errors 
affect the determination the internuclear distances. This done Fig. 
where the values the distances that are compatible with the moments 


1.40 


1.08 


(A) 


1.390 1.395 1.400 1.405 


Fic. determination the internuclear distances the benzene molecule. 
The two shaded strips represent the values the C-H and C-C distances that are consistent 
with the measured values for and 
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inertia here determined are plotted against the distances for both 
and this figure, the widths the shaded strips correspond 
the error the values, and the area common both strips gives estimate 
the uncertainty the internuclear distances. Accordingly, the error 
the moment inertia not sensitive measure the distance 
might desired. any case, the uncertainty the determination the 
internuclear distances probably the same order the uncertainty 
expected from zero-point vibration effects. 

The internuclear distances have been determined several times 
means the electron diffraction method. The early diffraction data 
Schomaker and Pauling (10) led distance 1.39 0.02 and 
C-H distance 1.08 0.04 More recently, Karle (5) has obtained sub- 
stantially the same values, with improved accuracy, from electron diffraction 
sector photographs. Thus, the internuclear distances determined from the 
rotational Raman spectrum and those obtained from electron diffraction 
studies are satisfactory agreement within the limits measurement the 
diffraction data. 

Note added proof: especial interest the recent determination the 
C-C distance crystalline benzene made Prof. Cox and 
Smith (Nature, 173: 75. 1954) using the modern X-ray methods. Their value 
1.378 0.0033 differs significantly from the value determined here for the 
free molecule. present, this difference not understood. 
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SOME COMMENTS HELIUM FILMS! 


ATKINS 


ABSTRACT 


The Polanyi potential theory applied the helium film and leads 
qualitative understanding the high density the first few layers and the differ- 
ential entropy. Between 1.75°K. and the A-point the film may consist inner 
solid portion, intermediate portion helium and outer portion 
helium II. For thick films the variation zero-point energy with thickness 
must considered. The zero-point energy the Debye waves shown 
important film thicknesses the order cm. The effect heat 
radiation incident upon the film considered. 


INTRODUCTION 


Several investigators have measured the thickness, the saturated 
liquid helium film and its variation with height, above the surface the 
bulk liquid, but their results are disagreement with one another. Atkins 
(3), using dynamical method, found 1.67 cm., whereas 
Jackson and his co-workers (11, 15) found that the results their optical 
except that variation more nearly that Atkins was produced supplying 
heat the top the film. More recently, Bowers (9) has used micro- 
balance weigh the film formed roll aluminum foil and has obtained 
very different result, 11.8 This formula was verified only 
for values greater than about cm., but obviously quite incom- 
patible with the earlier measurements, which gave much thinner films 
these heights. Bowers noticed, moreover, that the film thickness was greatly 
reduced increase radiation influx. 

pointed out Rice and Widom (24), there possible connection 
between these experiments and adsorption experiments pressures close 
the saturated vapor pressure, inasmuch the film height may 
equilibrium with gas pressure 


[1] p = poe 

where the molecular weight and the gas constant. that 

9 

[2] H= Mg In (p/po). 


This equivalence means that film being studied adsorption experi- 
ment relative pressure has identical properties with film equili- 
brium height above the surface the bulk liquid, and p/po obey 
equation Bowers (8), using the same microbalance technique for un- 
saturated film, found proportional 1/d*, which equivalent 
ever, that varied between and cm. the experiments the saturated 
film, whereas the equivalent values the experiments the unsaturated 
film ranged from cm. upwards. 
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Schiff (26) and Frenkel (12) have shown that the van der Waals forces 
attraction between the helium atoms and the wall lead k/H' with 
for glass wall. Hill (13) has obtained similar result for 
unsaturated films. These ideas are agreement with the experiments 
Jackson and his co-workers the saturated film and with the experiments 
Bowers the unsaturated film, except that the theoretical value 
independent temperature, whereas the experimental value varies ap- 
preciably and, particular, the film seems much thinner above the 

entirely different approach was adopted Bijl, Boer, and Michels 
(7). Using approximation ideal gas helium atoms contained within 
the film, they visualized the eigenfunction lowest energy having nodes 
the wall and the surface the film and wave length 2d, giving rise 
zero-point energy per atom 


Adjusting the film thickness order minimize the sum this energy and 
the gravitational energy, they obtained 


This result good agreement with the measurements Bowers the 
saturated film, but the simple assumptions the theory are open serious 
criticism. Mott (22) has pointed out that their eigenfunction implies con- 
centration helium atoms near the middle the film, which physically 
unrealistic. Moreover, the zero-point energy liquid helium known 
much larger than the value given equation and determined primarily 
the average interatomic distance. 

The purpose the present paper extend and modify some these 
ideas. First, modified form the theory will presented 
and related some the experimental facts. This theory will then sup- 
plemented the hypothesis that the zero-point energy function the 
thickness the film, leading situation similar that the 
theory. Finally, consideration will given the question 
how the film might influenced heat radiation incident upon it. 


THE POLANYI POTENTIAL THEORY 
Imagine vertical wall immersed liquid helium. The potential energy 


isolated helium atom mass height above the surface the 
bulk liquid and distance from the wall has the form 


the constant being related the van der Waals forces attraction between 
the helium atom and the atoms the wall (12, 26). The basic idea the 
Polanyi potential theory (23) treat the liquid continuum distributed 


over the potential field given equation 5.* This procedure now con- 


*This approach the problem the liquid helium film was suggested earlier (2), but the 
time there was very little experimental information with which compare the theory. 
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sidered good approximation for thick films (6, 14). The BET theory, 
which has been very popular the past, can shown quite inadequate 
for thick films (21) assumes irregular surface between film and gas, 
ignoring the fact that the surface tension usually large enough produce 
potential field function position given 


the density liquid helium varies only about 25% between the saturated 
vapor pressure and the solidification pressure, serious error will intro- 
The pressure then becomes 

the surface the liquid film the pressure must Po, the thickness 


which the result obtained Schiff and Frenkel. The pressure inside the 


film may now expressed 


The assumption that the liquid continuum justifiable the pressure 
does not change appreciably over distance several interatomic separations, 
and therefore plausible for the outer layers thick film, but breaks down 
for the first few layers near the wall. shall, however, use equation 
give qualitative indication what might happen near the wall. make the 
discussion definite, the film thickness will assumed cm. 
height cm., accordance with calculation for helium glass 
(26). Equation enables adsorption effects included the argument. 

For thick film becomes equal the solidification pressure 
atm. when cm. The first two layers might therefore 
expected solid. Some previous treatments (18) have deduced very 
dense solid monolayer, but should remembered that this conclusion was 
based upon the application the BET theory, and the present treatment 
suggests that the very dense monolayer should replaced approximately 
two less dense solid layers. The pressure distance cm. from the 
wall about 300 atm., corresponding solid density about twice great 
the liquid density. This consistent with the fact that the first layer 
believed much more dense than the liquid (18, Table 1). Moreover, 
the temperature increased, the melting pressure increases, the 
liquid boundary moves nearer the wall, and the apparent density the 
first layer decreases, found experimentally (18, Fig. 2). These matters are 
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best dealt with quantitatively proper statistical treatment, but 
instructive that the potential theory seems provide reliable guide 
what might happen. 

temperatures between 1.75°K. and the A-point, there point the 
film which the pressure crosses the and the film must then 
visualized inner solid portion, intermediate portion liquid helium 
and outer portion liquid helium II. (This true only the distinction 
between helium and helium permissible for samples few layers thick.) 
The specific heat the film might explicable this way sum three 
parts, and easy see why the experimental data (18, Fig. resemble 
the curves for bulk liquid various pressures.* Another consequence this 
point view would that the effective thickness the film for superfluid 
flow would less than its actual thickness. temperatures more than 
0.01°K. below the less than five layers would lost the superfluid 
flow this way, that the saturated film would affected only the 
immediate vicinity the The effect the flow the unsaturated 
film would more important. 

The entropy point the film depends upon the pressure that point. 
The entropy liquid helium decreases with increasing pressure, whereas 
the entropy liquid helium increases with increasing pressure. This 
reflected the behavior the film, for the differential entropy the film 
minus the entropy the bulk liquid, negative above the 
but positive below the (18, Fig. 7). Table the maximum values 


TABLE 
1.592 +0.3 
1.796 +0.7 +0.6 
2.010 +0.6 +0.3 
2.254 
2.420 
3.018 
4.209 


obtained Strauss (27) are compared with the increase 
the entropy the bulk liquid the pressure increased from the vapor 
pressure the solidification pressure. There reason why these two 
quantities should equal, but they would expected have the same 
order magnitude, indeed they do, except the lowest temperature, 
1.592°K. 
THE ZERO-POINT ENERGY 
Although the zero-point energy the film unlikely have the small 


value given equation might well have large value which slightly 
dependent the film thickness the form 


Mastrangelo and Aston (1, 19, 20) have made somewhat similar suggestion, but the pressure 
used them does not seem the same that occurring the potential theory. 
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being defined the zero-point energy per gram the film, which will 
assumed have constant density Imagine film unit area all 
height above the bulk liquid and increase its thickness slightly 
removing liquid from the surface the bulk liquid. The change the 
energy the whole system then 


equilibrium the energy minimum and must zero. (Strictly 
speaking should consider the Gibbs function, but changes and are 
provisionally assumed negligible.) Equation then reduces 


the present state liquid helium theory there hope expressing 
the zero-point energy the form equation 10, but possible give 
approximate treatment that part which arises from the longitudinal 
Debye waves. square film side cm. and thickness cm., typical 
Debye wave frequency and velocity has direction cosines /,, and 
given 


may made large please, permitting very large values and 
the cutoff frequency, and will convenient choose that 
integer. fixed value the number modes with frequency 


but with minimum possible value The cutoff frequency 
can evaluated equating the total number modes the total 


number atoms the film: 
We 


ne=m 
nz=0 Yin in 
n:=0 


Cc 


Inserting and solving for 


} | 
| = 
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where the cutoff frequency the bulk liquid The zero-point 
energy 


nz=0 min 


2 = 


Remembering that has expressed terms this can 
reduced 


The third order terms are negligible and the equation the film 


Inserting the values and which can derived from the 
specific heat measurements the bulk liquid below 0.6°K. (16), from the 
velocity first sound (4), and using the same value the previous 
section, 


This analysis incomplete several respects. The correct procedure 
would involve calculations the exact spectra the normal modes for both 
the film and the bulk liquid. Even then, only the zero-point energy the 
Debye waves would accounted for, and this probably only part the 
total zero-point energy. Moreover, change zero-point energy would 
probably accompanied change the density the film, but this 
effect can shown small (see Appendix). rigorous calculation along 
these lines does not seem possible present, but the simplified treatment 
given above does indicate very strongly that the zero-point energy 
important factor influencing the equilibrium thickness thick films. 

The form equation has some interesting consequences relation 
the experimental evidence already available. For the thin films formed 
low relative pressure, the van der Waals term predominates, agreement 
with the results Bowers (8) for the unsaturated film. For the thicker 
saturated films, however, the zero-point energy term important, and, 
the thickness expressed the approximate form then lies 
between and 

RADIATION INFLUX 
Let there amount radiation ergs incident upon unit 


area the film. this heat cannot dealt with superfluid flow the 
film, then the surface holding the film must take excess temperature 


E 
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which probably determined the rate which the heat can conducted 
and convected through the surrounding gas. The vapor pressure appropriate 
the film therefore greater than the vapor pressure the liquid helium 
bath and the film appears thinner than would under isothermal con- 
ditions. the film thickness varies very rapidly region very close the 
saturated vapor pressure, quite small temperature difference would 
sufficient prevent the formation thick film, but would not invalidate 
experimental determination the variation with This 
probably the explanation why the thickness the saturated film decreases 
abruptly the and the helium film never very thick (11). The 
experiments Bowers (9) lead directly these conclusions. 

Now consider the case when the film can replenished superfluid 
flow and the heat can therefore dissipated evaporation steady 
rate TS) gm. where the latent heat and the 
entropy per gm. liquid. produce this rate evaporation there must 
pressure discontinuity the boundary magnitude 


where the vaporization coefficient (25). Such excess pressure the 
film would result the thickness decreased the value would have 
equilibrium the height were increased 


[23] Ap/pg. 


Inserting numerical values 2°K., 


unlikely exceed practice, this correction negligible unless 
has very small value for ordinary liquids). 

There is, however, another consideration which might become important 
some cases. The film can only cope with total heat influx the order 
ergs for every cm. perimeter available for film flow. the 
total heat influx exceeds this, the flow extends certain height and above 
this the film thickness decreased would above the A-point. 
experiments (9) seem particularly susceptible this effect the only com- 
munication with the bulk liquid was via fine wire diameter 0.005 cm. 

Superfluid flow might also capable neutralizing heat influx 
unsaturated film below the One can visualize convection mechanisms 
which part the flow occurs the film and the cycle completed flow 
the surrounding gas (10). 


APPENDIX 


Zero-point Energy and Density 

0°K., let the specific volume and the total energy, potential plus 
kinetic, per gm. bulk liquid. the vicinity Vo, the energy can 
approximated 


| 
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where the compressibility. Let the Debye zero-point energy, Z(V), 
small quantity depending only the film thickness and not The new 
total energy 


The specific volume order make this expression minimum. 


The minimum value 


= 

But 
_3Rh 
[29] 
so 


after inserting known values and (1/c)dc/dp (4, 5). Equation 
interesting its own right, implies that the Debye zero-point energy 
varies whereas the zero-point energy discussed London (17) 
the basis cell model the liquid varies Equation can 
now put the form 
0 


<1, the difference introduced these considerations second order 
and may neglected. 
From equations [27] and [30], the change specific volume seen 


[32] 0.8 
Using the value given equation 19, 
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Note added proof: This increase density obviously affects the specific 


heat and the differential entropy the film. may also relevant the 
experiments the superflow the unsaturated film, which indicate that the 
transition temperature decreases with decreasing thickness the film (18). 
The the bulk liquid decreases with increasing density. 
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ELECTRONIC RATCHET! 


ABSTRACT 


instrument described which produces two positive voltage spikes, whose 
time separation automatically and systematically increased for each initiating 
trigger. 


INTRODUCTION 


spin echo experiments (2), the amplitude the ‘echo’ observed for 
given pulse separation depends upon the relaxation processes that are 
studied. Multiple exposures are made with systematically increasing 
pulse separations, thus displaying the whole decay scheme one photograph. 
Such photographs have appeared the literature (2, but few hints (1, 
the instrumentation used effect the systematic increase have been given. 
The device described herein satisfies the requirements such 
for these experiments, and other applications suggest themselves. 


BASIC PRINCIPLE 


Consider decade scaler fed groups pulses with nine evenly spaced 
pulses (eight time units) per group. The apparatus arranged that the 
output consists two pulses, the first these being the initial pulse each 
group and the second the scaler output pulse produced that group. 

The first group merely stores nine counts the scaler, i.e. just the initial 
pulse appears the output. The initial pulse from the second group produces 
pulse from the scaler, hence the two output pulses coincide and the remaining 
eight counts are stored the scaler. Two pulses from the third group are 
required produce pulse from the scaler leaving seven counts stored, 
that separation one time unit obtained between the output pulses. 
continuing this process, the separation increased one time unit, for 
each group, total eight such units. using groups eight pulses, 
steps two time units per group are obtained. decreasing intervals are 
desired, groups eleven pulses per group may used obtain steps one 
time unit total time units. 

The ranges the time units, the type and number scaler units required, 
must now decided. 


THE INSTRUMENT 
order have large number steps, the instrument provided with 
two decade scaler units. Thus maximum separation time units may 


obtained for increasing intervals, 100 for decreasing intervals. Berkeley 
Scientific Co. plug-in decimal counting units* (Model 790) have proved satis- 


received January 29, 1954. 
Contribution from the Radiation Laboratory, McGill University, Montreal, Que. 
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Note added proof: Tube type 5963 instead type these units makes for 
much improved operation. 
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factory. Since these produce square wave form which rises the sixth 
count and falls the tenth, the output differentiated and the negative 
spike formed used trigger suitable monostable multivibrator. 
positive square wave usec. wide results, which differentiation produces 
the desired positive spike. 

The repetition rate the groups determined free-running multi- 
vibrator which triggers two independent monostable ones. These latter are 
used provide the gating pulses indicated the diagram. 


+240V 


NARROW GATE 


12AU7 


Fic. diagram showing the main features the 


Two 6AK5’s form multivibrator (having totalled rise and fall time 
0.3 usec.) which becomes free-running when the wide gate applied. The 
time unit, measured the time between leading edges the pulses 
this multivibrator, continuously variable four ranges from usec. 
msec. The gate width determined the time unit chosen given steps 
are wanted, the time unit may chosen give the desired number 
steps for specific gate width. 

The first 6AK5 employs electron coupling output arrangement from 
its plate (negative square wave), the screen acting plate for the multi- 
vibrator circuit. The wave form differentiated and the positive portion 
removed provide extremely fast negative spike for the scalers. 

The other has its grid connected directly the grid 6AS6 whose 
suppressor negatively biased. The narrow gate allows only the initial pulse 
each group (or nine) pass this stage the form positive 
square wave the plate circuit. Differentiation provides the desired spike. 
should here that the narrow gate itself gives rise negative 
square wave the plate circuit, and obtain one positive spike the 
correct time, necessary have the rising edge this latter form occur 
before the falling edge the wave form produced the multivibrator pulse. 


B00 K 
WIDE 4M 28V 
GATE 
00K 
-24V 
220K 
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The initial pulse from each group and the one from the pulse former fol- 
lowing the scalers are the two required spikes and are fed out means 
cathode followers. 

The extremely good stability this circuit due the following features: 

The gated oscillator loaded lightly possible, 

(b) Zero temperature coefficient condensers are used for the two highest 

frequency ranges, 

(c) The duration its wave forms usec.) small compared the 

minimum time between them (50 usec.), which means that the adjust- 
ment the width the wide gate reasonably noncritical. 
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Contribution from Phonon-Phonon Interactions the Term 
the Specific Heat Helium 


Quantization the irrotational motion nonviscous fluid has been carried out Kronig 
and Thellung (2) (hereafter referred KT) who obtain contribution the specific heat 
The experimental value about 11% higher than this, but 
shown here that the discrepancy can accounted for considering higher terms the 
Hamiltonian. Further, the correction the specific heat term together with assumption 
about the upper limit the phonon spectrum may used estimate the value 

which difficult determine experimentally. 

write the Hamiltonian where the superscripts denote the 
power the variables (velocity potential) and (change density from the equilibrium 
value). expanding and Fourier series and rewriting terms the annihilation 
and creation operators and obtain 


diagonal with the eigenvalue 
where the number phonons with Assuming distribution 
the phonons, obtained for the specific heat 


[4] = 


Now, using the commutation relations 


where 

= 


infinite for ideal fluid, but the graininess the underlying fluid considered phonons 
above certain frequency will not propagated. Ziman (3) has suggested that approximate 
value the upper cutoff can obtained setting the number phase points equal three 
times the number atoms. Using this cutoff obtain for helium 
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Taking the first term together with (thus assuming that contributions from 
higher-order terms are negligible) the term the Hamiltonian lowest order and 


k k 
This gives contribution the specific heat 
0.0211 


Kramers, Wasscher, and Gorter (1) obtained the experimental value 


order agree with this the parameters and must have the values 


3 d? 2 
0 


The fact that the experimental specific heat larger than that can therefore 
explained the contribution provided negative. Experimental evalua- 
tion would afford check the cutoff frequency. 

detailed account this work will published the future. 
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